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Abstract 
In power system, oscillations may occur due to load change or system fault which 
creates unsynchronized and undamped signals and creates instability in the system. 
So to enhance dynamic stability of the system, a control mechanism is constructed 
for Superconducting magnetic energy storage (SMES) unit to enhance the damping 
of the power system. 
Proportional Integral (PI) controller is utilized to improve damping of oscillation of 
a synchronous generator connected to an infinite bus. Eigen values of system are 
found using matlab which helps in minimizing the oscillations caused by 
disturbances and enhances damping. PI controller parameters are found by using 
pole assignment technique  
Response curves are generated in Matlab to compare the difference between the 
damping of oscillations for synchronous generators without PI controller and with 
PI controller with SMES. 
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1. INTRODUCTION 
As we know that power system architecture made of system loads and generation centers 
distributed by long distances. If there is any disturbance like changing load or short circuiting or 
system fault in a power system in the grid or bus which carries the energy can experience 
undamped and bad synchronized power oscillations. 
In the paper, we are designing a PI controller for SMES to effectively improve the damping of 
synchronous generator attached to an infinite bus. Parameters of PI controller are found first by 
calculating the Eigen values through matlab by linearizing the circuit. Using those Eigen values 
together with the knowledge of modal control theory we use pole assignment technique PI 
controller is designed. 
This PI controller together with SMES unit is connected to the synchronous generator which is 
attached to an infinite bus and disturbance is added. It is then simulated in matlab and graphs 
were plotted, which compares the damping improvement of synchronous generator with SMES 
but without PI controller and with both SMES and PI controller. 
Superconductivity is basically nothing but a process when a conductor or alloy shows zero 
resistance to the flow of current as well as there is an exclusion of magnetic field when its 
temperature is lowered below certain temperature called critical temperature. 
Superconductivity in past was not much feasible because of the temperature on which it works. 
Low Temperature Superconductors needed temperature of around 4 K or less. Achieving such 
low temperature is not only costly but is a very complex technology as well. So 
superconductivity remained a subject for only theoretical work until the discovery of high 
temperature superconductors (HTS) in 1981.It was found that some materials have critical 
temperature above 90 K which is higher than the boiling point of Nitrogen (77 K) which made it 
possible for researchers to use superconductors easily in research work. 
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1.1 Superconducting Magnet Energy Storage (SMES): 
 
 
Fig 1. Component block diagram of SMES unit [10] 
Complete SMES unit consists of a three phase bus connected to a transformer.GTO or other 
types of converter are attached to the transformer. There are normally 12 pulse convertors 
connected to the SMES unit. SMES coil ‘L’ is basically inductor which is in superconducting 
state. A low temperature is maintained to keep coil in superconducting state through a 
refrigerator. Normally we use HTS type super conductors where liquid nitrogen is sufficient to 
lower the temperature below critical temperature. 
A coil protection is also used that saves the coil in case of large current or magnetic stress. 
Controllers are used to set firing angle of converters which will tell SMES when to charge and 
when to discharge. A reactive power compensation unit is also there that will compensate the 
unwanted reactive power from the system 
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1.2 Thesis Objective 
The objectives to be achieved in this subject area: 
 To Design a PI controller for a SMES unit connected to a synchronous generator. 
 To simulate the controller model with synchronous generator attached to an infinite bus 
using Matlab. 
 To obtain response after adding fault and disturbances to the infinite bus to compare the 
effect of damping on synchronous generator system between  SMES system without PI 
controller and SMES and PI controller 
. 
 
1.3 Thesis Layout 
Chapter 1 Introduction to the objective, details about SMES system including thesis objective 
and thesis layout. 
Chapter 2 is Literature Review on Superconductivity Magnetic Storage system and system 
dynamic stability 
Chapter 3 contains system model and equations related to the system parts and SMES. 
Chapter 4 presents the Modeling of SMES and PI controller and determining the Eigen values 
of the system. 
Chapter 5 presents the simulation and results of the models system with SMES and PI controller 
and without PI controller and comparing the damping enhancement through graph. 
Chapter 6 contains result and conclusion. 
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2. LITERATURE REVIEW 
The path in the field of research and its application of Superconducting Magnetic Energy storage 
Unit (SMES) only started after the discovery of HTS superconductors as it made it cheaper and 
less complicated to handle. Since then a lot of research and development took place in SMES 
and its vast applications including the dynamic stability of the power systems. 
Williams (1989) in his paper described the changing shape of superconducting magnets with 
time, and its development in 30 years. He also enlightened us with the vast application of 
superconducting magnets in fields of medical, nuclear research and in power conditioning. He 
also explained different superconducting magnets based on their application. Magnets used to 
energy application, high field magnets used in higher application, AC magnets etc. Also the 
superconducting materials used in these magnets were explained by him. In the end he explained 
the future applications and prospects on High temperature superconducting magnets (HTS). 
 
Lee (1999) proposed a model for control of simultaneous active and reactive power of SMES 
which in turn is used to stabilize the dynamic and transient states. He also designed a PI 
controller for SMES using modal control theory to stabilize the disturbances and oscillations 
produced in the system. He used both static and dynamic loads in this system and improved the 
stability of the system. 
 
Masuda and Shintomi (1979) reported to test the technical problems related to SMES in which 
one of major problem is AC loss of SC coil that happens because of pulsed operations. Other 
problems like hysteresis loss, eddy current loss and coupling loss are much higher in 
superconductors compared to normal conductors. To test these, they developed a system having 
100 KJ to test a superconducting switch that is used in the superconducting energy storage 
systems. In this they measured the energy transfer between superconducting coils with a power 
line. They did a detailed study of ac losses that occurs during pulse operations in 
superconducting magnetic energy storage (SMES). 
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Boenig and Hauer (1985) described the first conduction cooled (HTS) high temperature 
superconducting magnetic energy storage system which was built in China. The capacity of the 
SMES capacity is 380V, this system is made of high temperature superconducting magnet 
confined inside a dewar. System consists of a cryogenic unit, convertor, the monitoring unit and 
control unit etc. Laboratory as well as field test was done to investigate the operational 
characteristics of SMES and so it demonstrates the SMES effectiveness when improvements are 
made on system voltage stability and on the oscillation damping. 
Hojo et al. (1999) proposed method that can help in achieving robust stabilization in power 
systems by using Superconducting magnetic energy storage (SMES).In this they first linearized 
the property of power deviation by using active control of SMES. They called it robust system 
because stability of system doesn’t depend on operating conditions , configuration of the system 
and so on which enhanced the transient stability and steady state stability and they compared the 
proposed control method with the conventional feedback control method with uses generator 
speed deviation in SMES to control the transient stability. 
Boom and Peterson (1972) proposed a model using Superconducting Energy storage that can be 
used as an alternative to pumped hydro storage which will cost less than 200$/kW and also the 
losses that used to occur in hydro storage will be minimized by more than 50 percent. System 
will have to potential of damping overall oscillation generated because of disturbances. Also he 
described the importance of stress consideration in magnet core windings and optimization of 
superconducting materials and analysis was made for 400 MW-10000MW units. 
Rogers et al. (1983) designed a Superconducting Magnetic storage system (SMES) for damping 
the power oscillations that occurs on western U.S. In this a 30-MJ capacity Superconducting 
inductor was used to store energy and was contained in a non-conducting dewar and a helium 
refrigerator was used to maintain the temperature of Superconducting coil below critical 
temperature with a gas handling system installed as well. 
 
Ise and Murakami (1986) designed GTO converter in their laboratory using which they 
controlled active and reactive power of superconducting magnetic energy storage unit (SMES) 
over wide range of lag n lead. They used two sets of GTO converters to control reactive power 
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for wide range over lag and lead phases. And hence this system can be used for power system 
stabilizer. 
 
Giese and Sheahen (1992) described the applications of superconducting magnets in different 
fields like electric utility sector. He also summarized about recent status in development and also 
about the influence of High temperature magnets (HTS) is discussed. Its application is also 
discussed which include, transmission lines, large scale generators, magnetic storage, motors, 
power electronics and current fault limiters. 
 
Jiang and Conlon (1996) described the power regulation of a PWM type superconducting 
magnetic energy storage unit. In this they illustrated a power limit strategy to keep power flows 
of superconducting magnetic energy storage (SMES) unit under a controlled range. They 
detailed the design selection for controller. Power limit strategy used with PWM type SMES unit 
allows some absolute non- zero low power operating limit. 
 
Observations from Literature Review 
 High temperature Superconductors (HTS) has critical temperature above 90 K and 
nitrogen boiling point is 77K which makes HTS superconductors to be used in research 
and other applications. 
 SMES units can hold large amount of energy that makes it very useful as energy storage 
device that can be used during power failure 
 SMES has very fast response time and high efficiency which can be used in dynamic 
system stability. 
 GTO converters are used to control the firing angle of the SMES which helps in 
controlling active and reactive power of the system. 
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3. System Analysis 
        3.1 System model 
We have a synchronous generator connected to an infinite bus through a transmission line having 
inductance (Lt) and resistance (Rt). 
An infinite bus is a network in which voltage and frequency remains constant always. 
       
 
 
 
                                                                  
 
 
Fig 2. Synchronous Machine connected to infinite bus [5] 
Synchronous Generator can be modeled by fourth order dynamic equations as follows:- 
Equation (1) and (2) are armature dynamic voltage of direct (d) axis and q (quadrature) axis [5] 
 
      
              
    
       (1) 
                                
        
                   
    
                (2) 
 
G 
SMES 
Vinf 
Infinite bus 
Transmission line (Lt, Rt) 
Vte 
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Angular rotor position     and angular speed of rotor  , equations can be written as [8] 
   
                 
  
     (3) 
                 (4) 
 
Dynamic (transient) output power is associated to dynamic voltage and current by [5] 
                      (5) 
Terminal voltage Vt is associated with the rotor d-axis and rotor q-axis voltages by [5] 
      
    
  
 
          (6) 
 
 
 
 
 
 
 
 
12 
 
3.2 Static Excitation System 
Static excitation part of the synchronous generator is shown in Fig 3. 
Fig 3 Block model of Static Excitation System [5] 
 In the figure Efd denotes excitation voltage of the field which is given to the synchronous 
generator. Vt is fed back from the generator using d-axis rotor voltage Vd and q-axis rotor 
voltage Vq. 
 
3.3 Steam Turbine and Governor System 
 
Fig 4 Block model of Governor and turbine [8] 
13 
 
Turbine and governor part is represented by four variables of state space model. Hence it gives 
four Eigen values during calculation. Pm is sent to the mechanical power of the synchronous 
generator. ω is the angular rotor speed which is fed with a reference ωr speed to get angular 
speed deviation dω. 
3.4 Superconducting Magnetic Energy Storage Unit 
 
Fig 5 Block Model of fundamental SMES Unit [10] 
SMES unit consists of two sets of transformer that are connected to A.C three phase line. Other 
end of the transformer is connected to two a 12-pulse convertor, two sets of 6 –pulse bridge force 
commutated converter, which is in series with the superconducting inductor LSMES. 
We are only considering the active power (P) control using the SMES so reactive Q is not 
considered. That’s why we used force commutators where firing angle of thyristor is fix. When 
no power is transferred, maximum charging mode happens at 0
o
 and for maximum discharging 
mode 180
o
.
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Since the ISMES current going through bridge is not reversible, active power PSMES simply has 
positive and negative value depending upon the situation it can deliver or withdraw power hence 
keeping the system stable. 
Active power of SMES PSMES, current ISMES and voltage VSMES of SMES is related as [8] 
                                                          (7) 
If VSMES is positive value that means that energy is transferred to SMES from power system and 
if VSMES is negative that means energy is taken out from SMES n transferred to the power 
system. We know current across a coil is given as [9] 
 
      
  
 
                  
     
      (8)  
 
Since we are taking a superconductive coil , we know its resistance is zero , so putting RSMES =0 
in Equation (8) and Integrating equation (8) from initial time ‘to’ to ‘t’ with initial current of 
superconducting coil as ISMO, we get current ISMES in terms of  Voltage VSMES of superconductor 
and initial current ISMO is given by[8] 
 
      
 
     
       
 
  
           (9) 
 
Energy that is being stored inside the superconducting coil can be written as [5] 
 
                 
 
  
           (10) 
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Where WSCO is the energy stored inside the coil at t=to and is given as  
     
 
 
       
                          (11) 
 
Change in the rotor angular speed is caused due to any external disturbance that is related to the 
SMES voltage VSMES as given below. [9] 
 
        
  
     
           (12) 
 
Where Kc is the gain of control loop of SMES and Tc is the time constant of the control loop. 
Equation (9) and (12) hence is used to design the SMES model in matlab for simulation. 
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4. MODELING OF SMES AND CONTROLLER 
4.1 SMES Modeling 
Using the above analysis and equations we can easily design a SMES model that can be used in 
the matlab with the synchronous generator connected to infinite bus. 
From Equations (9) and (12) we can make a model that will give us the power of the SMES PSMES 
which will vary in accordance to the change or deviation of the angular rotor speed of the 
synchronous generator. 
 
Fig 6 SMES simulink model [8] 
The deviation in the angular speed of the rotor of the synchronous generator is feed to the 
transfer function containing loop gain and time constant of feedback loop of the SMES coil.  
From Equation (12) we know that this change in ω will give the changed VSMES i.e. voltage 
across the coil. Using the equation (10) we get current ISMES across the coil from the voltage 
VSMES by integrating and adding the initial current ISMO. 
For the system to not get damaged we use a saturator to limit the current across the coil. Now 
current across the coil of superconductor ISMES and voltage across the coil of superconductor 
VSMES is sent to a multiplier and we know from equation (7) it will give power PSMES across the 
coil. 
18 
 
4.2 Eigen Value Calculation 
All the subsystems are connected in matlab i.e. synchronous generator, turbine and governor; 
excitation system and SMES unit are connected together with an infinite bus having initial 
conditions. Here we took initial condition as load 0.8p.u and 0.85 power factor. Since all these 
system are non- linear, we linearize these first into linear form and then we get Eigen values 
The system is simulated and then in matlab we linearize the system using following command 
Lin = Linearize (‘filename.mdl’) 
It will generate 3 matrices first the state space matrix and input and output variables matrix. 
We can save the matrix ‘a’ into a variable Am using 
Am = Lin.a 
Since the ‘Am’ now contains matrix A, using ‘eig’ command we can find Eigen values of the 
system. 
Eig(Am) 
We found the Eigen values for three conditions. First without SMES and PI controller, second 
with SMES but without PI controller and third with SMES and PI controller. 
A total of ten relevant Eigen values we get three from generator, four from governor and turbine 
block, two from excitation block and one from SMES block. 
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Table 1. System Eigen Values at p.f=.85 and load =0.8 p.u 
Without SMES and no PI With SMES but no PI With SMES as well as PI 
-215.5 -215.485 -215.562 
-42. 705 -42.658 -49.546 
-0.125 -0.125 -0.125 
-.034+- j9.12 -0.043+- j9.14 -2.134+-j9.13 
-1.993 -2.0732 -2.1204 
-1.850 -1.858 -3.249 
-20 -20 -20 
-5 -5 -5 
-10 -10 -10 
 -38.4615 -8.0000 
 
When no PI controller is there, we replace PI controller with a unity gain. We have found Eigen 
values for one load condition so we are doing damping improvement for this load only. For other 
loads we have to calculate the Eigen values at that load and proceed. 
 
4.3 Controller Design and Parameter Calculation  
Basic PI controller block is given by 
 
 
 
 
 
 
Fig 7 PI controller  
   
     
    
    
 
     
+ 
- 
ωr 
ω 
to SMES 
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The PI controller is fed with the reference angular speed taken 1 p.u generally ωr and rotor 
angular speed ω. This PI controller output is attached to the SMES unit. Tw is known in system 
parameters, values of KI and Kp can be found by modal control approach using pole placement 
method (Ref 9). 
Linearized differential equations that we obtained from matlab can be written in form: 
 
                             (13) 
                                  
Where X (t) is the state vector (∆ω, ∆δ, ∆VSMES, ∆e`d, ∆Pr, ∆Pm, ∆Ph, ∆Pc, ∆EFD  etc.) 
U(t) is USMES which is control signal that comes out of PI controller  
 
                     (14) 
Y is basically the output vector which is ∆ω here. A, B and C are matrices with constant values 
of the given system. Taking Laplace transformation of equation (13) and (14), we get 
 
                               (15)       
                         (16) 
 
Control signal from PI controller U(s) can be written as [8] 
 
                    (17) 
     
   
     
    
  
 
            (18) 
 
Where Kp and KI are controller parameters that are supposed to be found. Characteristic equation 
related to any system with closed loop is given by 
                        (19) 
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For any system with close loop with Eigen value ρ is given by [8] 
 
                       (20) 
Or  
                         (21) 
 
     
   
     
    
  
 
      (22) 
 
For this paper we have taken the Eigen value at  -2.134+- j9.13. We have two variables and two 
equations by using given Eigen value one by one and solving it, we get the value of Kp and KI . 
After solving we got Kp = 7.4 and KI = 660.39. 
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5. SIMULATION AND RESPONSE CURVES 
 
In this section the whole system we developed is being simulated for initial given load of 0.8 p.u 
and .85 power factor. Synchronous generator taken has the power of 160 MW with rated voltage 
of 15 KV. Which is attached to an infinite bus with initial load and line resistance RL=.028 p.u 
and inductance LL = .5 p.u. 
SMES, governor and turbine and excitation system all are connected. After that we add a large 
disturbance to the system at the infinite bus end for some initial cycles that will produce 
oscillations and will create undamped signals which will be reduced by using SMES. 
 
5.1 Simulation of System with SMES but without PI controller     
We added a three phase fault at the infinite bus end of the system which created oscillations due 
to the short circuit condition. In this case we removed the controller part and added a unity gain 
and observed the change in rotor speed   of the synchronous generator as well as the power 
PSMES of the superconducting coil. 
 
 
 
 
 
 
 
 
 
 
Fig 8 Graph between terminal voltage Vt (p.u) vs Time 
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Fig 9 Graph between rotor angular speed ω (p.u) and time 
 
 
 
 
                          
  
 
 
 
 
Fig 10 Graph between PSMES (p.u) and Time 
25 
 
 
Fig 11 Simulink model of system with SMES but without PI controller 
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5.2 Simulation of System with SMES and PI controller     
 
We added a three phase fault at the infinite bus end of the system which created oscillations due 
to the short circuit condition. In this we kept both SMES and PI controller unit and observed the 
change in rotor speed   of the synchronous generator as well as the power PSMES of the 
superconducting coil. Vt of terminal will be almost constant in both cases. Damping in this case 
is very smooth and fast as compared to the previous case. 
 
 
 
 
 
 
 
 
 
Fig 12 Graph between terminal voltage Vt (p.u) vs Time 
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Fig 13.Graph between Rotor angular speed ω (p.u) vs Time 
 
 
 
 
 
 
 
 
 
 
Fig 14 Graph between PSMES (p.u) and Time 
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Fig 15 Simulink model having both SMES and PI 
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6. RESULT AND CONCLUSION 
 
Controller for SMES unit was designed and graphs where plotted by adding disturbance to the 
system i.e. a large disturbance to the infinite bus end was added. 
 In first case when no PI controller is added the response curve of damping of rotor 
angular speed is slower. This is because SMES alone has to handle the deviation in 
rotor angular speed that is occurring due to disturbance. 
 But when we added the SMES with the controller the damping was comparatively 
faster as well as smooth. This is due to the fact that PI controller reduces the error in 
deviation occurring in the rotor angular speed due to the disturbance. 
 Hence system damping was achieved more effectively by using a controller with SMES 
unit which stabilized the dynamic disturbance which was created. 
 But this method of stabilization is conventional and  very much dependent on system 
parameters and the initial load we are using.For every load we have to design a different 
controller which is very tedious and complex job.  
 A PID controller can be used for active and reactive power control in power system 
which can stabilize system even under dynamic loads. 
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8. Appendix: System Parameters [8] 
Generator and transmission line 
Power 160 MW    Rated Voltage 15 KV 
Power .8 p.u     power factor .85 
Xd = 1.70     T`qo = 0.075 s 
X`d = .25     T`do = 5.9 s 
Xq = 1.65     Dg = 0 
Rt = .028     Lt = 0.50 
Governor 
KG =3.5     TCH = 0.05 s 
TRH = 8 s     TSR = 0.1 s 
TSM = 0.2 s     KRH=0.3 
SMES Unit 
ISMO =0.6495      VSMO=0 
LSMES = 0.5 H     TC =0.026 s 
KC =1.83     Tw = 0.125 s 
Exciter 
KE=400     TE=0.05 s 
KF=0.025 s     TF = 1.0 s 
